SF 6 is widely used in modern transmission and distribution networks because of its outstanding dual qualities: arc quenching and dielectric insulation. As a gas medium, SF 6 is chemically inert, non-toxic, and non-flammable, which makes possible the construction of compact SF 6 switchgear. One major known disadvantage of the gas is that it has a global warming potential which is 23,900 times higher than CO 2 . This has led to research into alternative gases with a much lower environmental impact, and one of the emerging candidates is CF 3 I. The high boiling temperature of CF 3 I means that it has to be used as part of a mixture inside gas-insulated equipment. To carry out the investigation on CF 3 I, a scaled-down coaxial system that replicates the maximum electric field of a 400 kV GIL system was designed and fabricated. The insulation performances of CF 3 I/CO 2 and CF 3 I/N 2 gas mixtures were then examined by measuring the 50% breakdown voltage, U 50 , using a standard lightning impulse waveform (1.2/50) under absolute pressures of 1 to 4 bar. The experimental results show that CF 3 I gas mixtures have promising potential as an insulation medium for application in gasinsulated lines.
INTRODUCTION
THERE is an urgent need worldwide to reduce greenhouse emissions in order to reach the ambitious targets set by governments in response to the Kyoto Protocol on climate change. In high-voltage equipment, such as gas-insulated switchgear (GIS) and gas-insulated lines (GIL), sulphur hexafluoride (SF 6 ) is the most common dielectric gas besides air. This is because SF 6 is chemically stable with a high arc interruption capability and a dielectric strength around three times higher than air. On the downside, the global warming potential (GWP) of SF 6 over 100 years is 23,900 times that of CO 2 [1] .
When investigating suitable SF 6 alternatives, one of the key properties is the dielectric strength, which is controlled by parameters such as electron attachment, electron scattering, and electron ionization [2] . Therefore, highly electronegative compounds containing halogen elements are favoured, since they can recombine quickly.
There are gases which exhibit a higher dielectric strength than SF 6 . However, they all possess one or more negative properties, such as a high boiling point, high GWP, or voltage withstand limitation.
An emerging candidate is trifluoroiodomethane (CF 3 I) which has a dielectric strength that is 1.2 times higher than that of SF 6 while possessing a GWP of less than 1 over 100 years. The weak chemical bond C-I in CF 3 I means that it can be decomposed quickly in the atmosphere [3] . However, one of the limitations of CF 3 I is its high boiling temperature. Furthermore, it has to be used in low proportions as part of a binary mixture with CO 2 or N 2 to reduce the liquefaction temperature. A published report [4] , based on the inhalation tests carried out on animals, shows that CF 3 I is a slightly toxic gas. The US National Research Council's (NRC) committee on toxicology has recommended that CF 3 I has no observed adverse level (NOAEL) on cardiac sensitization if the concentration is 0.2%, whereas the lowest observed adverse level (LOAEL) is at 0.4%. However, CF 3 I can only be used as a mixture in high-voltage equipment, thus drastically reducing the overall toxicity of the CF 3 I gas mixture.
Experimental investigations have been carried out on CF 3 I in the past, mainly in Japan. V-t characteristics were measured using a fast pulse square wave voltage generator with a rise time of 16 ns for CF 3 I and SF 6 [5, 6] . The investigation was carried out for a gap length of 1 cm under atmospheric pressure. The breakdown voltage at 10 μs for CF 3 I is 112 kV, which is 27% higher than the 88 kV measured for SF 6 . In a more recent paper [7] , SF 6 was found to exhibit a much higher breakdown voltage than CF 3 I for a gap distance of 2 cm under 0.3 MPa (3 bar abs.).
Several researchers [7] [8] [9] [10] [11] have examined the breakdown characteristics of CF 3 I/CO 2 and CF 3 I/N 2 gas mixtures for nonuniform and uniform electrode configurations. The configuration that has the highest non-uniformity is the needle-plane arrangement with a field utilization factor of 0.025 for a 5 cm gap length. A more uniform field distribution was represented by a plane-plane electrode system. The results revealed that, when the field distribution is highly nonuniform, the dielectric strength of CF 3 I is lower than that of SF 6 . When the field utilization factor is closer to unity, the dielectric strength of CF 3 I outperforms the SF 6 equivalent. Research carried out by Katagiri et al. [12] shows that the interruption capability of the CF 3 I/CO 2 gas mixture is far superior to that of CF 3 I/N 2 gas mixtures. In [13] , the authors investigated the build-up of by-products after 1,300 electrical discharges. The lowest obtained breakdown voltage is 11% lower than the initial value. By-products analysis determined the generation of C 2 F 6 , C 2 F 4 , CHF 3 , C 3 F 8 , C 3 F 6 and C 3 F 5 I during the breakdown of CF 3 I gas. Electron swarm parameters [14] [15] [16] and arc extinguishing capabilities [17] for CF 3 I gas mixtures were also investigated through experiments.
The results from the literature indicate that CF 3 I may not be a suitable arc quenching gas for GIS applications, which require a high current interruption, due to the build-up of iodine deposition upon every electrical discharge. On the other hand, the insulation capability makes CF 3 I a feasible alternative to SF 6 in a GIL system where arc quenching is not a requirement. The field distribution of a GIL can be replicated by a scaled-down coaxial system. There is no previous research on the feasibility of a GIL using CF 3 I, and as there are limited data published on CF 3 I for a coaxial cylinder configuration [10] , a laboratory scaled system was developed for the purpose of experimental analysis. This paper describes the investigation carried out on the scaled-down coaxial GIL system for several CF 3 I gas mixtures. The aim is to identify an appropriate CF 3 I gas mixture as a suitable candidate to be used for a full-scale 400 kV GIL demonstrator.
SCALED GIL DESIGN AND CF 3 I GAS PARAMETERS
2.1 DESIGN PRINCIPLE Existing GIL systems were essentially built from two concentric pipes made of an aluminium alloy and filled with SF 6 or an SF 6 /N 2 gas mixture as gas insulation. In a coaxial design, the highest electric field is along the surface of the inner conductor located in the centre of the coaxial geometry where a gas discharge is most likely to occur.
Equation (1) [18] can be used to determine the dimensions of the outer conductor inner radius (R b ) and the radius of the inner conductor (R a ) for the scaled system. This was achieved by replicating an electric field magnitude similar to that found in a 400 kV GIL within the voltage level that can be applied in the laboratory to the system. Selection of 'R a ' and 'R b ' was based on the practical constraints of fitting a scaled system inside the available pressure vessel and the voltage limitation of the high-voltage bushing (approx. 170 kV lightning impulse). Another factor that needs to be taken into consideration is the optimisation of the quantity log(R b /R a ) [18] , for which a value of unity is considered the optimal ratio of gap distance and field uniformity in a coaxial geometry. By adopting this approach, a maximum electric field strength similar to that of a 400 kV GIL system was achieved with practical values of a = 1 cm, b = 3 cm at an applied voltage of 90 kV. The field utilization factor f of the coaxial GIL system is 0.55, and is calculated by equation (2) 
The maximum breakdown field strength E 50 of CF 3 I gas mixtures can be combined into a single expression from (1) and (2) as
where the U 50 is 50% breakdown voltage, E 50 is the maximum breakdown field strength at U 50 , outer conductor inner radius is 'R b ' and the inner conductor radius is 'R a '.
SIMULATION, DESIGN AND FABRICATION
Several features were incorporated into the design: firstly, a curving radius was added onto both ends of the enclosure tube. This ensures that the gap spacing widens as it approaches the end of the enclosure tube, with the gap spacing for the centre region remaining constant. This design feature minimises the end effects and forces the breakdown to occur in the coaxial area along the cylinder centre region that is of interest in this investigation. Secondly, the design ensures a minimal region of contact between metal parts and insulators to avoid the triple junction effect. The dimensions of the scaled system are shown in Figure 1 . Numerical finite element simulations were carried out on the coaxial design shown in Figure 1 , and the computed field distribution is shown in Figure 2 . The detailed numerical simulations of the coaxial system were used to identify high electric stress regions. In Figure 2 , the maximum electric field can be observed along the centre region of the conductor. The inner enclosure wall is flared out at each end. The flaring of the wall achieves widening of the gap distance towards the end of the enclosure, thereby, reducing the likelihood of breakdown on the edges of the enclosure. The refined practical system of the scaled coaxial GIL system was fabricated as shown in Figure 3 . The enclosure and conductor were both made of aluminium. To keep the two apart, insulators were used to ensure that the conductor was centred inside the enclosure. Gas circulation to the inside of the scaled system was made possible by the holes on the two insulators on both ends. A 1 cm thread was made on the tip of the conductor for attaching the test system onto the highvoltage bushing. 
SATURATION VAPOUR PRESSURE OF CF 3 I GAS
MIXTURES Typically, in gas-insulated equipment, SF 6 gas is pressurised above 5 bar, which is above the saturation vapour pressure of CF 3 I, an indication that a buffer gas, such as CO 2 or N 2 , needs to be added. The boiling temperatures of CO 2 , SF 6 , CF 3 I and gas mixtures with 20% and 30% CF 3 I contents for a pressure range up to 1 MPa (10 bar abs.) are shown in Figure 4 . The analytical correlation for the saturation vapour pressure of CF 3 I is given by [19] :
where τ = 1-T/T c , A 1 = -7.2, A 2 = 1.3, A 3 = -1.6, A 4 = -5.5, T c = 395 K and P c = 3.9 MPa.
CRITICAL FIELD STRENGTH OF CF 3 I GAS
MIXTURES The effective ionisation coefficients of different gases and gas mixtures were computed using BOLSIG + software, which applies the two-term approximation of the Boltzmann equation [20] . Here, α is the ionisation coefficient and η is the electron attachment rate. At (α -η) = 0, the corresponding E/p value represents the critical reduced field strength (E/p) crit for that particular gas or gas mixture, as shown in Figure 5 . It can be seen that the (E/p) crit for CF 3 I at (α -η) = 0 is 108 kV/cm·bar, whereas SF 6 has a (E/p) crit of 89 kV/cm·bar. This is consistent with the results reported in [6] , which indicate that pure CF 3 I has a dielectric strength of around 1.2 times higher than that of SF 6 . The dielectric strength of CF 3 I decreases with a lower CF 3 I content. However, CF 3 I/N 2 gas mixtures have a comparably higher dielectric strength than CF 3 I/CO 2 gas mixtures, as shown in Figure 5 . The steepness of the slope for SF 6 and CF 3 I indicates that the two gases are relatively brittle. This means a strong growth of ionisation will occur in the region where E/p > (E/p) crit , especially in the presence of defects in the gas-insulated equipment [21] . For a GIL using a CF 3 I gas mixture, the design requires the interior dimensions to be significantly lower than the (E/p) crit of that particular CF 3 I gas mixture.
TEST SETUP
The experimental investigation was conducted using a 400 kV Haefely impulse generator with a standard lightning waveform of 1.2/50. The aim of this study was to determine a suitable CF 3 I gas mixture based on breakdown characteristics of the gas mixture. Figure 6 shows the circuit diagram of the impulse test circuit. A capacitive voltage divider with a ratio of 27931 to 1 and 50 ns rise time was used in this work to measure the lightning impulse voltage. A digital LeCroy wave-runner 64Xi was used to record the waveform. 
LIGHTNING IMPULSE TEST CIRCUIT

TEST VESSEL AND ITS CONTROLS
In order to carry out the experiment, a pressure vessel (Figure 7a ) was manufactured out of mild steel to withstand high gas pressure. The side window was made of polycarbonate; this is a tough thermoplastic material that has a high level of transparency and a suitable material for observing the discharge phenomena occurring inside the vessel. At the bottom of the vessel, there are multiple inlets and outlets for pressurising the vessel and vacuuming out air. A gas removal system (Figure 7b ) was also used in the experimental setup, so that CF 3 I gas mixtures can be recycled. After each set of tests, the used gas mixture was then transferred into a purposely designed gas storage cylinder.
a) b)
Figure 7. Test equipment: a) pressure vessel with coaxial system inside and high-voltage bushing, b) gas removal system for CF 3 I gas and its mixtures.
BREAKDOWN OF CF 3 I MIXTURES IN COAXIAL GEOMETRY
From a practical perspective, a GIL system has two concentric tubes in the form of coaxial cylindrical electrodes. For this experiment, the electrode was mounted concentrically in a vertical position inside the vessel. The breakdown characteristics of various CF 3 I/CO 2 and CF 3 I/N 2 gas mixtures were investigated using this coaxial system. The aim was to determine an appropriate mixture to be used for application in a full-scale GIL system.
The aim of the present investigation is to obtain the breakdown characteristics of CF 3 
EFFECT OF CF 3 I CONTENT AND MIXED GAS
Partial pressure of CF 3 I in the mixture is generally selected based on a trade-off between three factors: boiling point of the gas mixture, insulation strength, and by-products of the gas mixture following each electrical discharge. Based on these factors, a comparative study was carried out on five CF 3 I gas mixtures to investigate their breakdown properties. The results shown in Figure 8 indicate that the mixtures containing CO 2 have a higher breakdown performance than the equivalent CF 3 I/N 2 gas mixtures. Initial results obtained at 0.1 MPa (1 bar abs.) have shown a small difference between the 20/80% and 30/70% CF 3 I/CO 2 gas mixtures. The breakdown data were then plotted and displayed in Figures 9 and 10 for CF 3 I/CO 2 and CF 3 I/N 2 gas mixtures respectively. Four observations can be made from these figures: i) the breakdown voltage increases with increasing pressure, ii) higher CF 3 I content results in a higher breakdown voltage, iii) the breakdown voltages obtained under positive polarity were higher than their equivalent under negative polarity, and iv) the differences between positive and negative breakdown voltages were smaller for CF 3 I/N 2 gas mixtures in comparison with CF 3 I/CO 2 gas mixtures. Furthermore, a polarity effect can be seen in the impulse breakdown voltage results for the coaxial system. As can be observed, the breakdown voltages obtained under negative polarity are much lower than those under positive polarity, particularly at higher pressures. Moreover, the breakdown voltages were shown to be increasing but at decreasing rate as a function of gas pressure up to 4 bar (abs.).
The expression of equation (1) can be rewritten as equation (5) in order to calculate the pressure-normalised maximum field strength at U 50 , (E max /p) B , for CF 3 I gas mixtures. The experimental (E max /p) B values are shown in Figures 11 and 12 for CF 3 I/CO 2 and CF 3 I/N 2 gas mixtures respectively.
As can be observed on Figures 11 and 12 , the (E max /p) B decreases with a steep slope in the low pressure range and, thereafter, with a gradual decreasing slope. From the BOLSIG + computations, an estimation of the critical value of (E/p) crit was obtained for different CF 3 I gas mixtures. It is expected that, below the (E/p) crit , there should be no occurrence of breakdown. However, (E max /p) B values at higher pressures under negative polarity can be smaller than the critical value of (E/p) crit for CF 3 I gas mixtures. This may be attributed to the existence of an electron avalanche with the support of electron emission from the microscopically irregular surface on the cathode. The dielectric strength of CF 3 I gas mixtures were then compared with those of SF 6 obtained from published data in the literature. In [23] , lightning impulse experiments were carried out on coaxial geometries of 3.2/9.6 cm and 5.0/9.6 cm over the pressure range from 0.1 to 1.5 MPa (1 to 15 bar abs.) under positive and negative polarities.
The 3.2/9.6 cm geometry has the same R b /R a ratio as the coaxial system that was investigated in this work, and hence has the same field utilization factor due to the same ratio of R b /R a . However, the gap length is different for the two systems, which makes direct comparison on the breakdown voltage not suitable. This has then led to a comparative study using (E max /p) B values for SF 6 and for the 30/70% gas mixtures of CF 3 I/CO 2 and CF 3 I/N 2 , as shown in Figure 13 . It can be observed that, for positive polarity at low pressures, both CF 3 I gas mixtures have a higher (E max /p) B than SF 6 gas and, thereafter, this decreases much more quickly than with SF 6 . At 4 bar, the (E max /p) B of 30/70% CF 3 I gas mixture is around 80% that of SF 6 . It can also be seen that, for a CF 3 I/CO 2 gas mixture, the (E max /p) B drops below the (E/p) crit at a much higher pressure than their SF 6 or CF 3 I/N 2 equivalent. 
BREAKDOWN CHARACTERISTICS OF 30/70% CF 3 I/CO 2 GAS MIXTURE
Based on the results shown previously, the 30/70% CF 3 I/CO 2 gas mixture has the most promising breakdown characteristics. Breakdown tests were then carried out on the 30/70% CF 3 I/CO 2 gas mixture in a coaxial system using different sized inner conductors. The V-t characteristics were also examined under the standard lightning impulse waveform (1.2/50).
EFFECT OF INNER CONDUCTOR DIAMETER
The enclosure diameter was fixed, and different sized inner conductors were fabricated to investigate the effect of gap spacing in coaxial systems. It was stated in [18] that the highest breakdown voltages can be reached with ratios of R b /R a which is very close to the optimum value as shown in Figure 14 . It shows that there is a linear relationship between breakdown voltage and pressure irrespective of the gap spacing. However, as pressure increases, the voltage is expected to increase less linearly as found by other researchers for SF 6 gas [24] .
An inner conductor with a diameter of 2 cm has a higher geometric uniformity than a 1 cm diameter conductor, hence will lead to a lower breakdown voltage due to the gap spacing between the inner and outer conductors being smaller in diameter. In contrast, a 0.8 cm diameter conductor has a larger gap spacing than a 1 cm diameter conductor, and its associated breakdown voltage is lower due to the geometry exhibiting a more non-uniform field. Figure 15 shows the (E max /p) B for the 30/70% CF 3 I/CO 2 gas mixture for different sizes of inner conductor under pressures of 1 to 4 bar (abs.). Varying the diameter of the conductors, alters the electric field uniformity, and the measured results suggest that all the curves are saturating near the critical field strength of the 30/70% CF 3 I/CO 2 gas mixture at 55 kV/cm·bar. Eventually, the (E max /p) B values will drop below the critical value (E/p) crit of the CF 3 I gas mixture as indicated by the SF 6 data shown in Figure 13 derived from [23] .
Two of the coaxial geometries that were investigated in this work had similar geometric ratios to the 3.2/9.6 cm and 5.0/9.6 cm geometries reported in [23] for SF 6 gas. Figure 16 summarises the comparative study carried out in this work. As can be seen on the figure, both sets of coaxial systems have similar trends. The set of systems with a 1/3 ratio (close to optimal) has higher (E max /p) B values and requires higher pressures to obtain values lower than the (E/p) crit . This was expected given the results shown in Figure 14 , where a system with a 1/2 ratio has lower breakdown values. The steep slope for the curve (α -η) = 0 vs. E/p shown in Figure 5 for CF 3 I gas and its mixtures indicate the insulation integrity of the gases is precarious near to the (E/p) crit . It is, therefore, important to design the GIL system well below the (E/p) crit of the chosen gas mixture to avoid insulation breakdown. 
V-t CHARACTERISTICS
The V-t characteristics for the coaxial geometries were investigated for different CF 3 I content, conductor thickness, pressure, and impulse polarity. In Figure 18 , when the pressure was fixed at 3 bar (abs.), the highest breakdown voltage was recorded for 1 cm conductor, which gives a geometric ratio closest to optimal. The V-t characteristics for the 30/70% CF 3 I/CO 2 gas mixture were compared for both positive and negative polarities as shown in Figure 19 .
Two common patterns can be observed in Figures 17, 18 and 19: i) fairly flat V-t curves and/or ii) V-t curves rising steeply in the short-time region. The second pattern can be visibly observed at low pressure and small gap spacing. It was reported in [9] that for a rod-plane configuration, the average T B for a negative impulse can take longer in comparison to a breakdown for a positive impulse. However, the results for the coaxial configuration obtained in this work indicate a different behaviour. The breakdown process under positive polarity takes longer, whereas under negative polarity, most of the breakdown events occur in less than 5 µs.
The very divergent high-field region around a rod electrode occupies a small volume of space, so that the T s for the production of an initiatory electron from natural sources may be long within this restricted volume. In contrast, for the extended geometry of a coaxial electrode, there is a larger volume and more electrons are readily available near the cathode, therefore, a shorter T s . In the case of a positive rodplane, ionization is accelerated by electron collision in the high-field region near the rod and complete leaders are formed quickly. For a negative rod-plane, the electrons accelerated into the low-field region by the cathode and in the process become strongly attached to CF 3 I. This slows down the ionization process and delayed leaders are formed which may have resulted in longer average T B for negative breakdowns. 
CONCLUSION
The breakdown characteristics of CF 3 I/CO 2 and CF 3 I/N 2 gas mixtures were experimentally investigated in a scaled coaxial system using various sized inner conductors. The obtained laboratory results demonstrate the potential of CF 3 I as a candidate to replace SF 6 gas as an insulation medium in highvoltage equipment, particularly in GIL applications.
For the coaxial system, investigations were carried out for CF 3 I gas content, buffer gas, pressure, gap length and impulse polarity. In general, increasing the CF 3 I content and pressure will result in a higher breakdown voltage. It was found that CF 3 I/CO 2 gas mixtures had higher U 50 in comparison with CF 3 I/N 2 gas mixtures. This may have been caused by a poorer synergistic effect between CF 3 I and N 2 gases. The polarity effect was present in the coaxial system which may be due to a non-perfect smooth inner surface. The breakdown results were converted into (E max /p) B and compared with SF 6 results obtained from the literature on coaxial systems with similar geometric ratio. It was demonstrated that for a 30/70% CF 3 I gas mixture, the (E max /p) B value under 4 bar (abs.) pressure is around 80% that of SF 6 . Thus, it can be inferred that CF 3 I gas and its mixtures have a promising insulation capability, and may be a feasible alternative to SF 6 in a GIL system. A study was also conducted on the V-t characteristics of CF 3 I/CO 2 gas mixtures under a quasi-uniform field distribution represented by the coaxial cylinder configuration. The test results have confirmed that the characteristic depends on the conditions of the gap and the gas pressure. It was found that, on average, the breakdown process for the coaxial geometry under positive polarity takes longer. However, the time to breakdown under negative polarity takes longer for a rod-plane configuration as found in the literature.
To address the various points identified in this work which are not fully explained, tests using a larger scaled coaxial system will be required to further investigate the V-t characteristics of coaxial geometries. The next step of this research is to construct a full-scale 400 kV GIL demonstrator. Extensive testing and optimisation of this system will prove whether CF 3 I gas and its mixtures can be used in full practical GIL systems. 
